Abstract: To clarify the molecular basis of toxicities of industrial chemicals, it is demanded to develop appropriate methods whereby their cellular target molecules can be directly identified. In the present study, we focused on target proteins of heavy metals and established the method to detect them using a combination of metal-chelating column chromatography and a subsequent analysis by electrophoresis. Protein samples prepared from HeLa cells were applied to the Zn-or Cd-chelating column, and the bound proteins were analyzed by SDS-polyacrylamide gel electrophoresis followed by either silver staining, or fluorography when using radiolabel protein samples. Among several protein species trapped in the columns, a 36-kDa protein apparently has an affinity to both Zn and Cd, indicating the possibility that Cd can exchange essential Zn on this protein. These results suggest that the established method is useful for the target protein screening and further analyses of separated proteins.
method to screen their intracellular target proteins by means of metal-chelating column chromatography, whereby proteins with an affinity to heavy metals are directly trapped on the heavy metal ligand immobilized on the column resin [1] [2] [3] . As to a screening method for heavy metal binding proteins, Western blot analysis has already been reported 4, 5) , in which the protein blot is probed with a radioactive heavy metal ( 109 Cd or 65 Zn). However the method includes laborious procedures such as membrane handling with the radioactive compound. On the other hand, the metal-chelating column chromatography seems to be more suitable for the screening because of its methodological simplicity and the applicability of the obtained proteins to further analyses.
Until now, the metal-chelating column chromatography has been often used for affinity purification of proteins, and it is recognized that histidine residues located on the protein The working environment contains various chemicals hazardous for human health. To develop effective methods for preventing and treating their poisoning, it is necessary to understand the mechanisms underlying toxic actions of each chemical and biological responses against them. Furthermore, clarification of the molecular basis of their toxic actions is thought to be valuable not only for evaluating the chemical exposure level but also for estimating individual genetic differences in chemical susceptibility.
An important clue to understand the action mechanism of chemicals at the molecular level is to identify their target molecules, and it is demanded to establish methodology appropriate for each chemical. In this report, we selected heavy metals as model compounds, and investigated the surface mainly contribute to the protein binding to heavy metal ligands on the column resin 3, 6) . Since the protein surface is readily accessible to detrimental heavy metals incorporated into cells, it is reasonable to use the metalchelating column chromatography for screening the target proteins of heavy metals. In addition, according to the research purpose, varieties of heavy metal species such as Zn, Co, Ni, Cd or Cu can be used as ligands. Of these heavy metal species, we chose Zn and Cd. These two heavy metals exhibit similar chemical natures, but biological effects are totally different. Zn is essential for all living organisms, but Cd is known to be hazardous. Moreover, expression of Cd-toxicity, at least in part, is thought to be based on the exchanging reaction between Cd and essential Zn associated with intracellular proteins. Taking this hypothesis into consideration, we performed both Zn-and Cd-column chromatographies to find proteins with an affinity to both metals.
To prepare column resin with Zn or Cd as a ligand, Chelating Sepharose 6B (Pharmacia) was packed in a glass column and was washed with 20 bed volumes of distilled water and 10 bed volumes of 0.1 M sodium acetate buffer (pH 4.0) containing 1M NaCl, successively. CdCl 2 or ZnSO 4 solution (5 mg/ml) was then applied onto the column to bind these metals as ligands, and the columns were equilibrated with 20 bed volumes of a starting buffer solution for column chromatography <Buffer S: 0.1 M Tris-HCl buffer (pH 8.0) containing 1 M NaCl>. The Zn-or Cd-chelating column (0.6 ml bed volume) was washed sequentially with 2 bed volumes each of Buffer S containing 10 mM and 1 mM imidazole, and was equilibrated with Buffer S (3-5 bed volumes).
For preparation of protein samples, HeLa cells (1 × 10 6 cells) were cultured in 60 mm dishes containing 5 ml of Eagle's minimum essential medium supplemented with 10% fetal bovine serum and non-essential amino acids at 37°C under the condition of 5% CO 2 and 95% air for 3 d. The cells were collected by scraping, and were subsequently fractionated into cytoplasm and nuclei by the method described previously 7) . The nuclei were extracted with 10 mM HEPES-KOH buffer (pH 7.9) containing 10 mM KCl, 1.5 mM MgCl 2 , 1.0 mM DTT and 0.4 M NaCl for 30 min. Nuclear extracts and cytoplasm were then centrifuged at 35,000 rpm for 10 min, and both supernatants were dialyzed against Buffer S. Protein contents of nuclear extracts and cytosol were determined by the method of Bradford 8) . Protein samples (1 ml) were loaded onto the Zn-or Cdchelating column, which was then washed with 3 bed volumes of Buffer S containing 1mM imidazole. Proteins bound to the column were eluted stepwise with Buffer S containing 10 mM and 30 mM imidazole that competes with heavy metals for histidine residues of proteins. Proteins still remained in the column were eluted with a solution containing 0.1 M ethylenediamine tetraacetic acid (EDTA) (pH 7.0) and 1M NaCl. Table 1 shows protein amounts trapped in the Zn-and Cd-chelating columns. In the analysis of the cytosol fraction, only a small amount of proteins were trapped in a control column without the heavy metal ligand. On the other hand, much more proteins bound to both Zn-and Cd-chelating columns. Especially, a fraction eluted from the Zn-chelating column with 10 mM imidazole contained as much as 4.8% of the loaded proteins. In both column chromatography, the majority of proteins were eluted by 10 mM imidazole, and the protein contents were much lower in a fraction obtained by elution with 30 mM imidazole and 0.1 M EDTA.
In the nucleus, there are many proteins containing heavy metals such as the Zn-finger transcription factors that are anticipated to be targets of exogenously incorporated hazardous heavy metals. When the nuclear extracts were subjected to the Zn-chelating column chromatography, significant amounts of proteins were recovered in both fractions eluted by 30 mM imidazole and 0.1 M EDTA. This result is distinct from the case of cytosol samples, and thus indicates that the overall nuclear proteins tend to have a high affinity to Zn as compared with the cytosolic proteins.
Contrary to the Zn-chelating column chromatography, protein amounts retained in the Cd-chelating column were much less. This suggests that many proteins require Zn for Proteins eluted from the Zn-chelating column were then analyzed by SDS-PAGE and silver staining (Fig. 1a) . The protein samples separated by the metal-chelating column chromatography were precipitated by adding trichloroacetic acid (final concentration of 10%) and the precipitates were trapped onto membrane (Ultrafree C3-HV; Millipore) by centrifugation. The membranes were then washed with distilled water, and proteins were extracted with the sample buffer for electrophoresis <12 mM Tris-HCl (pH 6.8), 5% glycerol, 20 mM DTT, 1 mM EDTA, 1% sodium dodecylsulfate (SDS) and 0.04% bromophenol blue>. The extracted proteins were subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 9) and the silver staining 10) . Apparently, the fraction eluted with 10 mM imidazole contains many protein species, but protein bands are almost invisible in other fractions eluted with 30 mM imidazole and 0.1 M EDTA. It is noteworthy that a 36-kDa protein is significantly concentrated in the 10 mM imidazole eluate. The similar analysis of the fractions eluted from the Cdchelating column (Fig. 1b) shows that the 36-kDa protein, probably the same as that trapped in the Zn-chelating column, is the major protein detected in the 10 mM imidazole eluate, and no bands were visible in successively eluted fractions.
To confirm the identity of the 36-kDa proteins eluted from both the Zn-and Cd-chelating columns, the 10 mM imidazole eluate obtained from the Zn-chelating column was successively applied onto the Cd-chelating column. The 10 mM imidazole eluate from the Cd-chelating column was then analyzed by SDS-PAGE (Fig. 1c) . The 36-kDa protein obtained by the Zn-chelating column chromatography was also retained in the Cd-chelating column, and was eluted with 10 mM imidazole. This indicates that the 36-kDa protein has an affinity to both Zn and Cd. By means of 109 Cd-blotting analysis for cytosolic proteins from rat liver, Aoki et al. detected 40-kDa Cd-binding protein 4) , and identified it as ornithine carbamoyltransferase (OCTase, EC 2.1.3.3; calculated MW 36,177) 12) . Since the human homologue has similar molecular weight (39,804), OCTase is a strong candidate for the 36-kDa protein, although identification is necessary. , and each eluate was analyzed by similar method to a. c. Analysis of proteins trapped in the Znchelating column by the Cd-chelating column chromatography. HeLa cell cytosol was loaded onto the Zn-chelating column, and bound proteins were eluted with 10 mM imidazole. The eluate was dialyzed against Buffer S and successively applied onto the Cd-chelating column. Bound proteins were eluted with 10 mM and 30 mM imidazole successively, and each eluate was analyzed as a. Lane 1, molecular weight standards; lane 2, 10 mM imidazole eluate from the Zn-chelating column; lane 3, 10 mM imidazole eluate from the Cd-chelating column; lane 4, 30 mM imidazole eluate from the Cd-chelating column. In each panel, the 36-kDa protein is indicated by an arrowhead on the right.
To increase sensitivities in protein detection, proteins in HeLa cells were metabolically radiolabeled by culturing with 35 S-amino acids (Tran 35 S-Label; ICN, Costa Mesa, CA) at the concentration of 1.5 × 10 6 Bq/ml for 16 h. The cytosol and the nuclear extracts were then prepared, and 150 µl of the sample were loaded onto the Zn-and Cd-chelating columns (0.3 ml bed volume). The eluted proteins were analyzed by SDS-PAGE and fluorography as reported previously 11) (Fig. 2) . In the Zn-chelating column chromatography of the cytosol and the nuclear extract (upper panel), several proteins were concentrated in the 30 mM imidazole eluates. A 28-kDa protein was detected only in the cytosol sample, whereas 120-, 110-, and 36-kDa proteins were visible in the both samples, which may be due to leak from the nucleus during the cell fractionation. As a specific binding protein in both cytosol and nuclear extracts, the 36-kDa protein seems to be the most prominent, and the same protein can also be detected when the cytosol fraction was processed by the Cd-column chromatography (lower panel). These results are consistent with the analysis by silver staining. As to the high molecular weight proteins (120 and 110-kDa), it is noteworthy that poly(ADP-ribose) polymerase (PARP, EC 2.4.2.30; calculated MW 113,004) has been reported to have an affinity to Zn 5) , which is evidenced by Western blot analysis probed with 65 Zn. PARP is a DNA binding protein participating in DNA repair 13) , but its relevance to Cd toxicity is not known. It remains to be studied whether one of the high molecular weight proteins detected by our method is PARP and to evaluate the involvement of this enzyme in the expression of Cd toxicity.
In the present study, several heavy metal binding proteins can be isolated by means of metal-chelating column chromatography, suggesting that the method is effective in direct screening for target proteins of heavy metals. In the sensitivity of protein detection, radiolabeling coupled with fluorography is superior to the silver staining detection. By means of improvement in the radiolabeling and protein detection, other heavy metal binding proteins like the 36-kDa protein will be detected. In addition, radiolabeled proteins are particularly useful for further analyses such as identification of proteins; for example, protein analysis after digestion with proteinase. Moreover, the metal-chelating resin with Cu or Ni is recently used for the protein selection for mass spectrometric analysis to obtain the expression profile of proteins in serum or cell lysate 14, 15) . In this proteomics analysis, the affinity to heavy metals is just recognized as one of the chemical nature of proteins, together with overall charge or hydrophobicity. Therefore, the method does not aim to identify target proteins of detrimental heavy metals. However, combination of our method and the proteomics analysis is expected to serve as a powerful tool for obtaining the comprehensive view about target proteins of heavy metals. 
